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Laser-generated  beam  array  for  commutation 
of  spatially  modulated  optical  signals 
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USAF  School  of  Aerospace  Medicine,  Clinical  Sciences  Division, 

Brooks  Air  Force  Base,  Texas  78235-53C1 

f  Abstract 

A  coherent  optical  method  and  concept  are  presented  for  the  generation  of  an  intense, 
very  precisely  spaced  2-D  array  of  laser  beams  which  maintain  their  relative  position  over 
significant  distances.  The  array  is  achieved  through  the  use  of  a  recently  invented  quad- 
riprism. ^ '  A  signal  pattern  encoded  on  a  128x128  array  has  been  precisely  transported  over 
several  meters.  An  attractive  feature  of  the  system  is  the  low  optical  energy  in  the  array 
interstitial  space.  The  interposing  of  grids  or  arrays  of  rectangular  lattice  electrodes 
yields  very  low  diffraction  losses,  thereby  making  the  beam  array  ideal,  e.g.,  in  pipeline 
processors.  Some  conceptual  applications  are  discussed. 

/  "  '' 

Introduction 

The  complex  electronic  interconnection  layout  of  modern  computing  devices  is  becoming 
more  and  more  the  limiting  factor  in  computer  development.  The  massive  inherent  parallel¬ 
ism  of  optics  thus  appears  as  a  very  strong  alternative  for  the  achievement  of  vast  inter¬ 
connects.  Other  advantages  of  an  optical  approach  for  computers  will  most  likely  lead  to 
new  architectures  and  software.  These  additional  features  include  a  great  ease  in  input- 
output  coupling,  non-interaction  of  crossing  interconnects,  and  vast  holographic  memory 
storage.  With  improvements  in  optical  bistability  devices,  even  modern  optical  switching 
speeds  appear  to  exceed  the  electronic  devices,  i.e.,  of  the  order  of  picoseconds  (psec).^ 
The  possible  configurations  of  this  new  class  of  computers  which  use  massive  optical  inter¬ 
connects  will  no  doubt  be  numerous  and  novel.  There  will  likely  be  in  this  diversity  a 
common  requirement  for  intense,  highly  structured  beam  array  patterns  to  serve  as  the 
multidimensional  "bus"  for  communications  in  the  new  architectures.  In  this  article,  we 
describe  a  novel  laser  method  for  yielding  such  a  vast  uniform  array  with  broadcast  and 
imaged  properties  simultaneously.  The  concept  is  based  on  a  new  2-D  generalization  of 
Fresnel's  19th  century  biprism  for  interferometric  fringe  generation.  In  essence,  the 
quadriprism  is  introduced  for  the  first  time. 

The  physical  optics  of  the  quadriprism  interference  pattern 

The  physical  optics  of  the  quadriprism  are  based  on  the  interference  of  four  phase- 
coherent  point  sources  as  described  in  an  earlier  article.^  In  the  earlier  work,  a  diverg¬ 
ing  wave  front  was  split  by  two  glass  slabs  arranged  to  shear  the  wave  front  along  orthog¬ 
onal  planes  as  shown  in  Figure  1.  This  arrangement  establishes  four  virtual  point  sources 
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illustrated  in  Figure  2.  The  resulting  radiation  pattern  in  the  far  field  can  be  derived 
from  first  principles. 
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Flo.  2  RADIATION  DISTRIBUTION  OF  4  COHERENT  SOURCES 
IN  THE  FAR  FIELD 


From  Figure  2,  the  point-coherent  sources  at  plane  PI  will  emanate  waves  which  will 
propagate  to  P2,  where  all  four  wave  fronts  will  superpose.  A  scalar  superposition  of  the 
plane  wave  fields  from  each  point  source  is 


-Jtk-Ci 


-j(kT,  -  wt)  ^  -j(!<-Ci4  ■  “t) 
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where  k  is  the  propagation  vector,  uu  the  angular  frequency,  and  Eg  is  the  scalar  field 
amplitude  of  each  source,  assumed  equal  because  of  the  equal  reflectivities  off  the 
shearing  optical  flats.  The  r,  to  are  position  vectors  from  each  point  source. 

Expanding  the  position  vector  terms  using  the  binomial  approximation  (for  example, 
r,  =L+1/2L[ (X-x  )^+(Y-y  )^  ] )  and  calculating  the  irradiance  term  EE*,  we  obtain  (after 
extensive  algebraic  manipulation)  for  the  scalar  intensity  field  at  X,Y,  due  to  the 

»  o  0  TTdX  p  wdY 

EE  -  16Eq‘^cos‘^(-^)  cos'll  —  )  (2) 

interference  of  the  four  waves,  where  E,  is  the  beam  intensity  of  each  point  source,  d  is 
the  separation  between  the  points,  L  is  the  distance  to  the  far  field  point,  ^  is  the  wave¬ 
length  and  X  and  Y  are  spatial  coordinates  in  the  far  field.  Equation  2  is  a  rectangular 
array  distribution  of  square  beams  with  cosine-squared  profiles.  Also  noteworthy  is  the 
scaling  factor  of  16  on  the  intensity.  This  latter  characteristic  indicates  the  efficiency 
of  light  gathering  for  the  far  field  light  pattern. 

The  novel  quadriprism  is  used  to  partition  a  plane  (or  spherical)  wave  front  into  four 
segments,  as  shown  in  Figure  3.  The  four  facets  not  only  create  the  four  coherent  sources, 
but  have  other  useful  characteristics.  In  fact,  the  pyramid-type  prism  has,  in  the  know¬ 
ledge  of  the  author,  unique  features  heretofore  escaping  application.  First,  let  us  con¬ 
sider  the  action  of  the  single  two-facet  prism  section  in  one  transverse  dimension  (see 
Figure  4). 
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Notice  that  a  symmetrically  placed  beam  of  diameter  (D)  as  it  propagates  beyond  the 
prism  commences  to  crossover  at  the  vertex  point  A,  i.e.,  one  half  of  the  beam  is  folded 
over  the  other  half.  Already  with  this  simple  model  we  see  ttiat  there  will  be  an  optimum 
plane  (B)  where  the  foldover  is  100%  complete.  The  location  of  this  plane,  which  depends 
on  the  deviation  angle,  can  be  obtained  from  the  geometric  ray  trace.  Note  also  tliat  there 
is  a  very  convenient  redistribution  of  the  light.  The  near  center  of  the  folded  beams, 
which  is  more  intense  for  a  Gaussian  distribution,  is  relocated  to  tlie  outside  and  vice- 
versa.  Essentially,  the  Gaussian  light  distribution  splits  in  half,  the  halves  reverse, 
and  then  convolve.  The  result  is  a  dramatically  flat  distribution  of  light  intensity  at 
(B).  The  light  beyond  this  plane  separates  to  form  individual  beams  at  (C).  The  beams 
will  exhibit  interference  phenomena  where  they  intersect  and  generate  fringe  lines.  The 
number  of  fringe  lines  at  the  plane  (B)  can  be  derived  as  follows. 


FIG.  4  EFFECT  OF  TWO  WUADR  I  PR  !  F  ACtTC  ON 
COLLIMATED  LASER  INPUT  bPAK 
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Consi.ier  a  more  detailed  diagram  of  the  intercept  region  as  shown  in  Figure  5.  At  the 
origin  of  plane  (B),  the  incident  plane  waves  project  respective  wave  vectors  K,  and  K2' 
These  wave  vectors  have  x  and  y  projections  (a,b)  and  (a,-b)  respectively;  that  is 
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where  the  f  and  j'  are  unit  vectors,  the  radical  expresses  the  appropriate  normalization  of 
the  vector,  and  \  is  the  wavelength.  We  next  ask,  what  is  the  resultant  field  intensity  at 
//along  the  (E)  plane?  We  resort  to  the  linear  superposition  of  electromagnetic  fields 
expressed  as  the  quantity 
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where  A  is  a  scalar  amp  litude  of  the  two  waves,  here  assumed  equal  for  the  two  partial 
waves;  i’=y;,  ''^=  angular  frequency  of  the  wave.  The  intensity  of  the  resultant  light 
distribution  at  (r)  is  given  by  the  real  quantity 
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The  cosine  function  is  symmetric,  thus 
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Therefore , 
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Or,  by  a  trigometric  identity, 
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Indeed,  we  note  that  the  light  intensity  is  exactly  periodic  along  y  with  spatial  period 
spacing  X/(a^+b^)/b.  A  similar  analysis  is  obtained  for  the  perpendicular  axis.  The 
quantity  b//(a^+-b^)  =  sin®,  where  S  is  the  angle  the  wave  front  makes  with  the  optical 
axis.  Also,  ®  is  one-half  the  total  deviation  angle  2  of  the  biprism.  The  fringe  spacing 
Aj is  therefore  given  by  the  quantity 


•.  .'fr  •  f  }  i  A 
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The  number  of  fringes  (N)  is  thus  given  by 


(10) 


(11) 


It  was  unexpected,  but  discovered  to  be  the  case,  that  the  pattern,  once  generated, 
could  be  recollimated  and  transmitted  with  the  periodic  transverse  distribution  through 
large  ranges  of  space.  For  various  applications  at  hand,  the  optical  system  was  designed 
to  give  a  value  of  N  of  about  128.  This  can  be  accomp  lished  through  a  number  of  variables, 
noting  from  equation  11,  b,  ^  and  S  ,  all  of  which  can  be  varied.  The  quantity  i  depends 
on  the  index  of  the  media  surrounding  the  vertex  of  the  prism. 

Experimental  prototype  system 
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An  experimental  prototype  arrangement  for  the  generation  of  the  array  pattern  is  shown 
in  Figure  6.  Here,  a  100  mW  Ar-ion  laser  beam  (514  nm  wa  ve  1  eng  th )  is  spatially  filtered  by 
a  10X  microscope  objective  lens  (OL)  and  25  micron  pinhole  aperture  (A).  The  quadriprism 
(QP),  a  four-facet,  50  mm  diamieter  component  manufactured  by  Precision  Optical  and  having 
arc  second  precision,  1° -  elevation  facets,  is  inserted  in  the  expanding  optical  region. 

As  expressed  by  equation  11,  this  allows  linear  control  of  the  number  of  array  elements 
through  the  diameter  (d)  variable.  In  the  absence  of  the  quadriprism,  the  collimating  lens 
(LI),  f=250  mm,  d=56  mm,  collimates  an  otnerwise  Gaussian  beam  to  a  diameter  of  about  25  mm. 

The  action  of  the  quadriprism  is  such  that  the  Gaussian  beam  is  folded  over  at  a  range 
of  100  cm;  the  radiation  pattern  is  remarkably  square,  disi.  Luted  as  shown  in  Figure  7. 
Within  the  square,  about  15  mm,  the  light  distribution  contain:  about  80%  of  the  beam  power 
and  is  highly  structured,  as  given  by  equation  2-  The  camera  d  's  not  resolve  the  array, 
but  it  is  clearly  observed  by  tilting  a  target  screen. 
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The  array  pattern  can  be  expanded  or  contracted.  In  the  optical  arrangement  of  Figure 
6,  the  pattern  was  expanded  and  recollimated  into  a  64  mm  square  containing  128x128  ele¬ 
ments.  The  expansion  and  recol 1 imation  was  accomplished  with  a  telescope  consisting  of  a 
photo  copier  lens  (PCL),  MFax  Topcor  4.5/130,  and  parabolic  mirrors  PMl  and  PM2,  102  mm  by 
f=228  mm  and  190  mm  by  f=503  mm. 

The  collimated  pattern  is  propagated  for  0.5  m  and  passed  through  a  128x128  grid  screen 
(GS)  to  test  the  sensitivity  to  alignments.  The  pattern  size  and  orientation  can  be  easily 
adjusted  by  appropriate  precision  motion  of  the  quadriprism  in  X-Y  and  axial  rotation.  The 
matching  condition  was  easily  detected  by  observing  the  Moire  pattern  caused  by  any  slight 
error  in  spatial  period.  The  pattern  was  further  propagated  without  noticeable  changes 
over  a  distance  of  0.7  m  without  noticeable  changes  to  a  positive  lens  L2,  f=120  mm.  In 
the  focal  plane  of  this  lens,  one  can  observe  the  four  virtual  point  sources  within  about  a 
1.5  mm  square.  The  pattern  after  this  point,  of  course,  diverges  such  that,  at  a  range  of 
1.24  m,  the  pattern  covers  a  spot  0.8  m  in  diameter  at  the  projection  plane  (PP).  A 
photograph  of  this  pattern  is  shown  in  Figure  8. 

The  optical  system  exhibited  other  characteristics  of  importance  for  potential  optical 
computing  applications.  For  example,  a  very  small  dove  prism,  5  mm  aperture,  could  be 
placed  at  the  focal  point  of  L2  to  achieve  matrix-like  transposition  of  the  elements. 

Also,  any  subset  could  readily  be  diverted  out  of  the  path  by  a  prism.  An  application  of 
the  highly  structured  light  is  evident  for  robotic  vision  devices  for  the  automation  of 
surface  metrology.  An  example  of  a  pattern  projected  on  familiar  objects  is  shown  in 
Figure  9  and  on  a  wrinkled  piece  of  paper  in  Figure  10.  The  pattern  will  be  encoded  with  a 


FIG.  9  f'HCiTLiGRAPH  OF  UEAM  AKRAY  INCII'HNT  ON 
FAnil.IAR  OBJECTS 


spatial  light  modulator  such  as  a  Hughes  Aircraft  model  H4060.  The  structured  beam  array 
pattern,  emanating  from  a  virtual  point  coupled  with  encoding  and  computer-controlled 
camera  image  acquisition,  will  yield  high-speed  surface  maps:  however,  the  optical  computer 
applications  of  the  system  also  may  be  quite  far-reaching. 


Optical  computer  applications 


Many  different  architectures  are  being  proposed  for  optical  computers.  '  A  common 
approach  is  the  optical  pipeline  processor.  For  example,  A.  Huang  has  demonstrated  that 
optical  digital  computing  can  be  obtained  by  pipeline  arrangements  of  "functional  logic 
blocks"  which  can  manipulate  on  optical  bistable  gates  the  16  Boolean  connecting  functions 
of  two  variables.  ^  Ichioka  and  Tanida  propose  a  shadow  mask  arrangement  to  affect  the 
functional  blocks.^  In  Ichioka's  and  Tanida’s  proposal,  the  masks,  which  are  the  pipeline 
processing  elements,  are  restricted  to  very  short-range  distances  by  a  scalar  diffraction 


Ha  <  1  <<  b-/i 


expression  (equation  12)  where  X  is  the  wavelength  of  the  illumination,  1  is  the  mask 
separation,  and  b  is  the  aperture  size.  For  a  dense  array  256x256  on  reasonable  laboratory 
scales,  b=0.3  mm  would  imply  a  restricted  value  for  1,  1<<10  cm.  The  optical  system  dis¬ 
cussed  above  can  resolve  this  restriction,  extending  the  mask-to-mask  region  to  several 
meters.  Thus  a  very  dense  pipeline  processor  can  be  achieved. 


A  concept  for  a  pipeline  optical  processor  is  schematically  illustrated  in  Figure  11. 

The  inputs  in  the  form  of  optical  beam  arrays  are  simultaneously  commuted  to  a  CPU  con¬ 
troller  and  to  a  pipeline  array.  The  system  is  activated  by  several  array  working  signals. 
The  CPU  controller  accesses  in  parallel  a  memory  section  as  well  as  the  pipeline  array. 
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This  system  would  have  massive  computational  capability.  For  example,  consider  1,000  gate- 
able  masks  controlled  along  the  pipeline  having  256x256  arrays  within  a  3  m  region  of 
space.  Then,  assuming  switching  could  be  accomplished  in  100  psec,  such  a  system  would 
have  a  computational  yield  of 
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This  amazing  computational  yield  would,  of  course,  far  excetjd  even  the  fastest  computer 
systems  available  at  present;  however,  there  remain  significant  communication  problems  to 
resolve  before  such  a  processor  can  be  realized. 
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